abstract: To mimic post-ovulatory ageing, we have extended the in vitro maturation (IVM) phase to 48 h and examined effects on (i) developmental potential, (ii) expression of a panel of developmentally important genes and (iii) gene-specific epigenetic marks. Results were compared with the 24 h IVM protocol (control) usually employed for bovine oocytes. Cleavage rates and blastocyst yields were significantly reduced in oocytes after extended IVM. No significant differences were observed in the methylation of entire alleles in oocytes for the genes bH19, bSNRPN, bZAR1, bOct4 and bDNMT3A. However, we found differentially methylated CpG sites in the bDNMT3Ls locus in oocytes after extended IVM and in embryos derived from them compared with controls. Moreover, embryos derived from the 48 h matured oocyte group were significantly less methylated at CpG5 and CpG7 compared with the 24 h group. CpG7 was significantly hypermethylated in embryos produced from the control oocytes, but not in oocytes matured for 48 h. Furthermore, methylation for CpG5-CpG8 of bDNMT3Ls was significantly lower in oocytes of the 24 h group compared with embryos derived therefrom, whereas no such difference was found for oocytes and embryos of the in vitro aged group. Expression of most of the selected genes was not affected by duration of IVM. However, transcript abundance for the imprinted gene bIGF2R was significantly reduced in oocytes analyzed after extended IVM compared with control oocytes. Transcript levels for bPRDX1, bDNMT3A and bBCLXL were significantly reduced in 4-to 8-cell embryos derived from in vitro aged oocytes. These results indicate that extended IVM leads to ageing-like alterations and demonstrate that epigenetic mechanisms are critically involved in ageing of bovine oocytes, which warrants further studies into epigenetic mechanisms involved in ageing of female germ cells, including humans.
Introduction
The development of the mammalian embryo, culminating in the birth of healthy offspring, is critically dependent on the quality of the oocyte at the time of fertilization. Oocyte maturation requires a species-specific time window and full maturation is necessary for achieving high fertilization rates. If this window is missed, the oocyte is gradually degraded and loses developmental potential, a process that is referred to as postovulatory ageing (Wilcox et al., 1998) . This process can be discriminated from ovarian ageing, since it relates nearly exclusively to the mature metaphase II oocyte rather than the pre-antral oocyte. As shown for various species, including mouse, pig and cattle (Imamura et al., 2005; Huang et al., 2007; Cui et al., 2011; Koyama et al., 2014a, b) postovulatory ageing can be observed in vivo, when arrival of the sperm at the ovulated oocyte is delayed, and in vitro if oocytes are cultured for extended periods of time prior to exposure to sperm. The bovinespecific time window for optimized fertilization rates is 20-22 h after onset of in vitro maturation (IVM); oocytes .30 h after onset of maturation already showed symptoms of ageing (Koyama et al., 2014b) . Ageing of bovine oocytes by extending IVM to 30 h did not affect cortical microfilaments, but increased the frequency of spindle aberrations in bovine oocytes (Somfai et al., 2011) . The duration of IVM of bovine oocyteshardening of the zona pellucida, decreased levels of factors critical in the cell cycle, mitochondrial dysfunction, spindle abnormalities and the loss of chromosomal integrity (reviewed in . Maternal factors largely determine genomic remodeling, support DNA repair and dictate the first steps of embryonic development (Genesca et al., 1992; Schultz and Heyner, 1992; Torres-Padilla et al., 2006; Minami et al., 2007) . Even after successful fertilization, the sperm fails to activate the aged oocyte which in turn does not initiate embryo development. A higher probability of polyspermic events has also been found in aged oocytes, caused by the lack of cortical granula exocytosis (Szollosi, 1971) .
In humans, the risk of early pregnancy loss is significantly increased with increased ageing of the oocyte in vivo prior to fertilization (Wilcox et al., 1998) . Notwithstanding the detrimental effects of post-ovulatory ageing, live offspring have been born from aged oocytes. Lower live birth rates and a higher incidence of abnormalities in offspring, including growth retardation, mental problems, reduced reproductive fitness and lower life expectancy have been reported for the mouse model (Tarin et al., 1999 (Tarin et al., , 2002 . The underlying mechanism for these far-reaching effects of post-ovulatory ageing may be found in aberrant epigenetic profiles that ultimately alter gene expression and thus lead to abnormalities in prenatal and post-natal development as shown in mice and in several studies related to ageing of the somatic axis (Liang et al., 2008 (Liang et al., , 2011b Lopez-Otin et al., 2013) . In early stages of development, epigenetic modifications, e.g. DNA methylation and histone modifications are critical for controlling the physiological gene expression profile and the correct establishment of methylation marks during oogenesis (Reik et al., 2001) .
Here, bovine oocytes were matured in vitro using the standard 24 h IVM protocol and results were compared with oocytes maintained in culture for 48 h to mimic post-ovulatory ageing. The 24 h IVM period is widely used under commercial and experimental conditions and yields oocytes with similar developmental capacity as in vivo. More than 411 000 in vitro produced bovine embryos derived from such oocytes have been transferred in 2013 with a 50 -60% pregnancy rate (Perry, 2015) , consistent with normal developmental potential of these oocytes and embryos. We examined bovine oocytes regarding progression through meiosis and developmental competence to the blastocyst stage and investigated gene-specific methylation and concomitantly transcript abundance of several imprinted and non-imprinted genes.
H19 and SNRPN are imprinted genes which are expressed in a parentspecific manner. H19 prevents insulin-like growth factor 2 (IGF2) transcription from the same allele by enhancer competition. In addition, H19 RNA may serve as a primary microRNA precursor which downregulates specific mRNAs during vertebrate development. The H19 promoter is unmethylated on the maternal allele and methylated on the paternal chromosome, inhibiting transcription of paternal H19 (Cai and Cullen, 2007; Hansmann et al., 2011; Nordin et al., 2014) . SNRPN encodes a splicing factor and is controlled by a differentially methylated region (DMR) that becomes methylated during oogenesis. Opposite methylation abnormalities within the SNRPN-DMR have been linked to Prader -Willi and Angelman syndromes (Lucifero et al., 2006) .
OCT4 is a Pit-Oct-Unc (POU) transcription factor which is expressed in pluripotent cells, including embryonic stem (ES) cells, embryonic carcinoma cells, germ cells and early embryos. Through its POU domain, the Oct4 protein binds to an octameric sequence motif AGTCAAAT in the promoter or enhancer regions of its target genes. OCT4 is epigenetically regulated with an unmethylated state in oocytes (Kirchhof et al., 2000; Yadav et al., 2005; Favaedi et al., 2012; Kuhtz et al., 2014) . ZAR1 is an oocyte-specific maternal-effect gene that is crucial for oocyte-toembryo transition. The evolutionary conserved plant homeo-domain (PHD) in the encoded protein indicates a role of ZAR1 in transcriptional regulation (Wu et al., 2003a, b; Uzbekova et al., 2006) . DNA methyltransferases (DNMTs), incl. DNMT1B, DNMT3A and DNMT3L, are essential for establishment and maintenance of correct methylation marks at imprinted and non-imprinted loci in early development (Ooi et al., 2009) . DNMT1B is mainly responsible for maintaining methylation of hemi-methylated CpGs during DNA replication, whereas DNMT3A in association with DNMT3L is essential for imprint establishment (de novo methylation) during gametogenesis (Okano et al., 1999) . In this process, the catalytically inactive DNMT3L binds to permissive histone modifications and then recruits the methyltransferase DNMT3A and thereby increases its catalytic activity. In mice, DNMT3L is regulated by three separate germline-specific promoters producing different transcripts in stem cells (DNMT3Ls), oocytes (DNMT3Lo) and adult testis (DNMT3Lat). In contrast to DNMT3Lat, which is not translated, DNMT3Ls and DNMT3Lo produce full-length proteins and are regulated by DNA methylation (Suetake et al., 2004; O'Doherty et al., 2011; Saitou et al., 2012) .
Materials and Methods

Oocyte collection and IVM
Oocytes were collected as previously described (Wrenzycki et al., 2001; Heinzmann et al., 2011) . Briefly, ovaries were collected at a local abattoir and transported to the laboratory at 308C in 0.9% (v/v) NaCl containing 6 mg/ml penicillin and 50 mg/ml streptomycin. Ovaries were washed three times with 0.9% NaCl (v/v) supplemented with penicillin and streptomycin, and cumulus-oocyte-complexes (COCs) were released by slicing into Dulbecco's phosphate-buffered saline (PBS) (Sigma-Aldrich, Munich, Germany), supplemented with 0.33 mM Na-pyruvate, 5.56 mM glucose, 0.9 mM calcium chloride, 50 mg/ml streptomycin, 6 mg/ml penicillin G, 4 IU/l heparin and 1 mg/ml bovine serum albumin (BSA) (fraction V, Sigma-Aldrich, Munich, Germany). COCs with a homogenous cytoplasm and at least three layers of surrounding cumulus cells were collected in tissue culture medium (TCM199, Sigma-Aldrich, Munich, Germany), pH 7.2, containing 50 mg/ml gentamycin sulfate (Sigma-Aldrich, Munich, Germany), 0.2 mM Na-pyruvate (Sigma-Aldrich, Munich, Germany), 4.2 mM NaHCO 3 (Roth, Karlsruhe, Germany) and 1 mg/ml BSA (free fatty acids (FAFs), Sigma-Aldrich, Munich, Germany). The COCs were matured in vitro in groups of 15 in 100 ml drops of TCM199 at pH 7.4, supplemented with 0.2 mM Na-pyruvate (Sigma, Munich, Germany), 25 mM NaHCO 3 (Roth, Karlsruhe, Germany), 1 mg/ml BSA-FAF (Sigma-Aldrich, Munich, Germany) and 10 IU/ml of equine chorion gonadotrophin and 5 IU/ml of human chorionic gonadotrophin (Suigonan w , Intervet, Unterschleissheim, Germany) for either 24 h (standard protocol) or for an extended period of 48 h to mimic post-ovulatory ageing under silicone oil at 398C in a humidified atmosphere with 5% CO 2 .
After the respective maturation time, cumulus cells were removed by incubation in PBS containing 1 mg/ml BSA (Fraction V, Sigma-Aldrich, Munich, Germany) and 0.1% hyaluronidase (Sigma-Aldrich, Munich, Germany) for 5 min at 398C followed by vortexing at 1400 rpm for 5 min. The remaining cumulus cells were removed by careful pipetting to determine the maturation rates based on the successful extrusion of the first polar body. Matured oocytes were washed three times in PBS containing 0.1% polyvinyl alcohol and frozen at 2808C either in groups of 5 -10 until use for methylation Epigenetic changes linked to bovine oocyte ageing analysis or singly for RT -qPCR. We used representative numbers of oocytes in a high number of replicates throughout these experiments.
In vitro fertilization
In vitro fertilization (IVF) was performed as previously described with slight modifications . Briefly, in vitro matured oocytes were fertilized in vitro with 1 × 10 6 frozen/thawed sperms/ml from one bull with proven IVF performance. Semen was thawed at 308C for 1 min and was processed using BoviPure TM (Labotect, Goettingen, Germany), according to the manufacturer's instructions. Sperm pellets were washed between centrifugation steps using fertilization-albumin-lactate-pyruvate medium (Fert-TALP) (Parrish et al., 1986 (Parrish et al., , 1988 . After final centrifugation, the sperm pellet was re-suspended in 50 ml Fert-TALP, supplemented with HHE (10 mM hypotaurine) (Sigma-Aldrich, Munich, Germany), 0.1 IU/ml heparin (Serva, Heidelberg, Germany), 1 mM epinephrine (Sigma-Aldrich, Munich, Germany) and 6 mg/ml BSA (Fraction V). In preparation for IVF, oocytes were washed twice in 100 ml drops of Fert-TALP and fertilization was performed in 100 ml drops of Fert-TALP-HHE in groups of 15 by co-incubation for 19 h at 5% CO 2 in air at 398C. Subsequently, cumulus cells were removed by vortexing at 1400 rpm for 5 min and careful pipetting.
Fertilization rates were confirmed by the presence of two pronuclei visible after Lacmoid staining. Briefly, denuded oocytes were fixed on clean glass slides for at least 24 h under a cover slip in an acetic acid and ethanol solution (1:3; v/v) at room temperature. Staining was performed with 1% lacmoid in 45% acetic acid (v/v) and oocytes were examined under a phase-contrast microscope at 400× magnification.
In vitro culture
Denuded presumptive zygotes were washed twice in synthetic oviduct fluid, supplemented with 4 mg/ml BSA-FAF (Wrenzycki et al., 2001; Heinzmann et al., 2011) and were subsequently cultured in groups of five specimens in 30 ml drops under silicone oil at 5% O 2 , 90% N 2 and 5% CO 2 in humidified atmosphere at 398C. Cleavage was evaluated at Day 3 and blastocyst rates were determined at Day 8 of culture (IVF ¼ Day 0).
DNA methylation analysis
The limiting dilution bisulfite (pyro)sequencing method was applied to determine the DNA methylation patterns of candidate genes in single alleles (El Hajj et al., 2011) . Briefly, bisulfite-treated DNA is diluted down to a single molecule in 25 ml buffer prior to PCR to avoid any amplification bias, which is a major concern when working with single cells.
DNA was isolated and bisulfite converted with the EZ DNA Methylation Direct Kit (Zymo Research Corporation, Irvine, CA, USA) using pools of 9 -10 oocytes and single embryos at the 4-cell stage, respectively. Bisulfitetreated DNA was eluted with 14 ml elution buffer into a 1.5 ml LoBind tube (Eppendorf, Hamburg, Germany). The inner layer of the LoBind tube has a special surface which reduces sample-to-surface binding to avoid possible loss of DNA due to interaction with the surface of the tube. The multiplex PCRreaction included seven genes (bH19, bSNRPN, bZAR1, bOCT4, bDNMT3A, bDNMT3Lo and bDNMT3Ls) and contained all seven primer combinations, followed by a second gene-specific single-nested PCR. For all PCR reactions, the FastStartTaq polymerase (Roche, Mannheim, Germany) was used in combination with primers for bisulfite-converted DNA designed with the Pyrosequencing Assay Design Software (Qiagen, Hilden, Germany) ( Table I ). For the multiplex PCR reaction, a mastermix calculated for 26 samples (including the volume for 2 samples more than needed to compensate pipetting errors) was prepared for each pool of oocytes. This mastermix consisted of 65 ml 10× PCR Reaction Buffer (with 20 mMMgCl 2 ), 13 ml PCR Grade Nucleotide Mix, 26 ml of each primer (10 mM), 5.2 mlFastStartTaq DNA Polymerase (5 U/ml) and 176.8 ml of RNAse-free water. One hundred microliters of the mastermix was kept in a separate reaction tube and was used as negative controls. The remaining volume of the mastermix was then added to the bisulfiteconverted oocyte DNA in the LoBind tube and thoroughly mixed by extensive up and down pipetting. The mix was distributed in volumes of 25 ml across 20 separate wells with the same pipette tip to avoid possible loss of DNA caused by surface interaction. Thus, each well contained 0.5 oocyte and 0.2 blastomere (of a 4 -8 cell embryo) equivalents, respectively. The PCR reaction was performed according to the manufacturer's instruction (standard PCR procedure) with an annealing temperature of 548C and 34 cycles. A total of 1 ml of the multiplex PCR product was then used as template for the following nested PCR to amplify each gene separately. The protocol with the standard PCR procedure was also applied for the nested PCR; only the annealing temperature and cycle number varied between certain genes (H19: 658C, 27 cycles; SNRPN and ZAR1: 578C, 30 cycles; OCT4 and DNMT3Lo: 648C, 31 cycles; DNMT3A and DNMT3Ls: 648C, 31 cycles).
Finally, products of the nested PCR were sequenced. Amplicons of DNMT3Lo and Oct4 were pyrosequenced on a Pyromark Q96MD system (Qiagen) and analyzed with the Pyromark Q-CpG software. The genes H19, SNRPN, ZAR1, DNMT3A and DNMT3Ls were directly sequenced on an Applied Biosystems 3130/3130xl Genetic Analyzer and analyzed with the BiQ Analyzer v2.00 (Bock et al., 2005) . For both oocyte pools and single embryos, the same experimental workflow was performed.
General criteria and yields of methylation analysis
The panel of genes selected for methylation analysis included imprinted genes (H19 and SNRPN) and developmentally important, non-imprinted genes (DNMT3Lo and OCT4). The H19gene is paternally imprinted and nonmethylated in oocytes, whereas SNRPN is maternally imprinted and thus fully methylated in oocytes. In somatic cells one would find a mixture of methylated and non-methylated alleles for both genes. DNMT3Lo represents the oocyte-specific promoter of the DNMT3L gene and is non-methylated in the oocyte similar to the pluripotency marker OCT4 (O'Doherty et al., 2011). Both genes are fully methylated in somatic tissues. Since all four genes can serve as markers for somatic cell contamination, it was necessary to define criteria to differentiate between somatic contaminations and putative abnormal methylation due to the extended maturation time. We defined somatic contamination as the occurrence of one or more abnormally methylated allele (.50% abnormal methylated CpGs) in at least two of the four genes within the same oocyte pool. We excluded 4 of 18 pools of the 24 h matured oocytes and none of the 17 oocyte pools matured for 48 h due to somatic contamination.
Alleles were considered as fully methylated if .50% of the CpGs were methylated and as non-methylated if ,50% of the CpGs were methylated, respectively. Single CpGs with methylation values .80% were categorized as methylated CpGs, whereas methylation values ,20% were counted as non-methylated CpGs. CpGs with methylation values between 20 and 80% were considered having an overlay of at least two DNA molecules containing a methylated and non-methylated CpG.
In the dataset obtained from the direct bisulfite Sangersequencing, the equivalent situation of more than one molecule per reaction is represented by an apparently heterozygous signal for each cytosine and thymine at the same sequencing position. Such CpG-patterns were not considered as single alleles and were excluded from analysis. To assess the efficiency of the limiting dilution bisulfite (pyro)sequencing, we calculated the allele recovery rate as the ratio of sequenced alleles and alleles in the starting sample. Since the oocytes still contained zona pellucida and polar body, four amplifiable alleles for each gene were present in each oocyte. Thus, for a pool containing 10 oocytes a maximum of 40 alleles would be expected. Owing to a high grade of DNA degradation caused by bisulfite conversion, the amount of recovered alleles is empirically less than half of the applied amount. The allele recovery ratio for the oocytes was 5.5% and for the embryos 13.8%.
With this protocol, we cannot discriminate whether the analyzed alleles stem from the oocyte or the polar body. Polar body DNA is already degraded prior to bisulfite treatment which leads to a much lower recovery rate than oocyte DNA (El Hajj et al., 2011) and may be even more degraded after extended IVM. However, this does most likely not lead to additional bias. Consistent with the view that most recovered alleles represent oocyte DNA, the recovery rate was nearly identical in both groups of oocytes: 17.8 alleles/pool in the 24 h group (14 pools, 249 recovered alleles) and 16.6 alleles/pool for the 48 h matured oocytes (17 pools, 282 recovered alleles). Moreover, oocyte and polar body DNA can be expected to have identical methylation patterns.
mRNA isolation and reverse transcription
Poly(A)
+ RNA from single oocytes and embryos was isolated using Dynabeads w mRNA DIRECT TM Kit (Invitrogen, Carlsbad, USA) Heinzmann et al., 2011) . Briefly, oocytes were lysed by the addition of 40 ml of lysis/binding buffer (100 mM Tris -HCl, pH 8.0, 500 mM LiCl, 10 mM EDTA, 1% (v/v) lithium dodecyl sulfate, 5 mM dithiothreitol) and incubated at room temperature for 10 min. As an exogenous standard, 0.5 pg rabbit globin mRNA (BRL, Gaithersburg, USA) was added to each preparation. Normalization to an exogenous standard had been successfully established by us and others, because oocyte maturation is associated with degradation and deadenylation of transcripts of housekeeping genes (Wrenzycki et al., 2001; Thelie et al., 2007; Heinzmann et al., 2011; Romar et al., 2011) . Three microliters previously washed Dynabeads w Oligo d(T) 25 were added to the lysate and incubated at 248C for 10 min on a shaker to allow binding. The beads with the linked poly(A) + RNA were separated using a Dynal MPC-E-1 magnetic separator. Beads and mRNA were washed three times and the mRNA was eluted in 11 ml of sterile water by incubation at 658C for 2.5 min. Eluted mRNA was immediately used for reverse transcription (RT) . RT was carried out in a total volume of 20 ml with 10× RT reaction buffer (Invitrogen, Carlsbad, USA), 5 mM MgCl 2 (Invitrogen, Carlsbad, USA), 1 mM dNTP solution (Amersham Biosciences, Piscataway, USA), 2.5 mM random hexamer primers (Applied Biosystems, Darmstadt, Germany), 20 Units of RNAin w (Applied Biosystems, Darmstadt, Germany) and 50 Units murine leukemia virus reverse transcriptase (Applied Biosystems, Darmstadt, Germany) and the complete mRNA sample. The samples were incubated in a thermal cycler protocol of 258C for 10 min for primer annealing followed by 1 h at 428C for elongation and a final step of 5 min at 958C. The promoter regions of bH19, bSNRPN, bZAR1, bDNMT3A and bDNMT3Ls were directly sequenced by sanger sequencing. The amplicons of DNMT3Lo and bOct4 were analyzed by (pyro)sequencing. The inner forward primer of DNMT3Lo and the inner reverse primer of bOct4 were biotinylated.
For oocyte analysis, the resulting cDNA (0.05 oocyte equivalents/ml) was diluted to a concentration of 0.025 oocyte equivalents/ml for bPEG3, bIGF2R, bGDF9, bPRDX1 and bDNMT1a/b, bDNMT3a/b; the cDNA was left undiluted (0.05 oocyte equivalents/ml) for bSNRPN, bH19 and bSLC2A8 analysis. For embryo analysis, the cDNA was left undiluted for all genes investigated. Prior to this study, we had performed control experiments with RNA from bovine oocytes in which reverse transcription was primed either with poly(T) or random hexamers and no differences were found, clearly indicating that polyA tail length variation did not affect the results under our analytical conditions (Kues et al., 2008) .
Quantitative polymerase chain reaction (qPCR)
Quantitative real-time PCR was performed as previously described Bernal Ulloa et al., 2014) . Briefly, 20 ml reactions were set up in each well including 10 ml 2× Power SYBRGreen PCR Master Mix (Applied Biosystems), 0.8 ml of each the forward and reverse primers (5 mM), 2 ml of cDNA and 6.4 ml dH 2 O. All primer sequences and specifics used for qPCR are listed in Table II . An ABI 7500 Fast Real-Time System (Applied Biosystems) was used with a protocol of 10 min at 958C, 40 cycles of 15 s at 958C and 1 min at 608C, followed by a slow heating cycle to obtaining a dissociation curve.
A cDNA dilution standard of pooled immature oocyte mRNA was included to give standard curves for each gene. The relative concentration of the target genes in each sample was calculated and normalized to the globin mRNA as exogenous standard. For analysis of the embryos, the relative abundance of mRNA transcripts was calculated on a per cell basis. Sequence Detection Software 1.3.1 was used for quantification.
Statistical analysis
The differences in the number of abnormally methylated alleles between the 24 and 48 h matured (aged) oocytes and the related embryos, respectively, were calculated by x 2 and Fisher's exact t-test. One-way ANOVA was used to test developmental rates. Kruskal-Wallis one-way ANOVA was used to evaluate gene expression data (Siegel and Castellan, 1988) . Levels of P ≤ 0.05 were considered as statistically significant.
Results
In the present study, we used a bovine in vitro model and extended the IVM phase to 48 h to mimic the effects of post-ovulatory ageing on developmental potential, gene-specific methylation profiles and relative abundance of transcripts of selected genes in matured oocytes and early embryos. (1986) in the group of oocytes after extended IVM, with 39.9% cleaved embryos at Day 3 and 1.5% blastocysts at Day 8 of culture, compared with 53.3% cleaved embryos and 25.2% blastocysts in the standard 24 h IVM group (Table III) .
Developmental rates and morphology
Abnormal methylation of DNMT3Lo in oocytes after extended IVM
No significant differences in the methylation of complete alleles were observed in the promoter regions of bH19, bSNRPN, bZAR1, bOCT4
and bDNMT3A between oocytes matured for 24 or 48 h. Depending on the gene studied, most normal alleles were either fully methylated or fully demethylated. Only a few showed single CpG methylation errors and these could easily be distinguished from abnormal alleles with .50% of CpGs showing an aberrant methylation status. Only minor differences were found with regard to CpG methylation between the two groups and these are most unlikely to affect expression of these genes. In contrast, we discovered a significant difference (P , 0.03) in the allele methylation for the oocyte-specific promoter of bDNMT3L (bDNM3Lo) between the two groups of oocytes. Compared with 24 h matured oocytes, the number of single CpG errors was significantly increased in the 48 h matured oocytes for the imprinted genes bH19 (P , 0.004) and bSNRPN (P , 0.0001) and significantly decreased for bOCT4 (P , 0.0001). The detailed results for the oocyte methylation analysis are presented in Table IV and Fig. 2 . Analysis of methylation of the selected genes revealed no statistically significant differences between 4-and 8-cell embryos developed from oocytes matured for 24 h and those matured for 48 h (Fig. 3) . Only few single CpG errors and one abnormal allele were detected for bDNMT3Lo in an embryo belonging to the 24 h group. We did not detect a significant difference in the number of single CpG errors between the two embryo groups. Irrespective of oocyte treatment, bDNMT3A showed more single CpG faults (11.5%) than the other genes (bZAR1: 3.5%, bOCT4: 4.3%, bDNMT3Lo: 3.3%).
No significant differences were found with regard to DNA methylation of the selected genes between blastocysts derived from the two groups of oocytes. Methylation analysis for the imprinted genes bH19 and bSNRPN revealed a mixture of fully methylated and completely nonmethylated alleles for 7 of 15 embryos (Fig. 4) , 24 h: E7, E8, E12, E13; 48 h: E1, E3, E4). In three samples, only bH19 products could be generated (E9, E6, E23). Two embryos in both groups contained only nonmethylated alleles of the two imprinted genes (24 h: E10, E15; 48 h: E5, E24). Since the promoter region of bH19 and bSNRPN contains no single nucleotide polymorphism, it was not possible to identify the parental origin of the sequenced alleles of bH19 and bSNRPN.
Differentially methylated CpG sites of bDNMT3Ls in bovine oocytes and embryos
Studies in mice had revealed that DNMT3L, which acts as enhancer for DNMT3A, is expressed in the form of different transcripts by germlinespecific promoters (O'Doherty et al., 2011). In contrast to DNMT3Lo transcripts that are only found in mammalian oocytes, DNMT3Ls serves as transcript for the full-length protein of DNMT3L and is expressed in ES cells, pro-spermatogonia and spermatogonial stem Epigenetic changes linked to bovine oocyte ageing cells of the adult testis. To investigate the methylation status of these regulatory elements in the bovine genome, we studied homologous regions upstream of the transcription start site of bDNMT3L. We analyzed this genomic region in oocytes derived either from 24 or 48 h IVM, 4-to 8-cell stages and blastocysts derived from the two groups of oocytes to reveal possible impact of in vitro oocyte ageing on methylation of this developmentally important genomic locus. The selected genomic region of bDNMT3Ls showed a mixture of methylated and nonmethylated CpGs in single alleles in both groups of oocytes and the respective embryos derived thereof (Fig. 5) . A comparison of the two groups of oocytes revealed no significant difference in the methylation status of single CpG sites (Table V) . However, a significant decrease in methylation was observed in embryos derived from the 48 h IVM oocyte group for CpG5 (P , 0.03) and CpG7 (P , 0.05) compared with the 24 h group (Fig. 5) . Additionally, CpG7 was significantly hypermethylated in embryos resulting from 24 h matured oocytes (P , 0.0005). Since four of eight CpGs of the analyzed region belong to the first exon (CpG1 -CpG4) and the other four CpGs are located 110 bp upstream of the transcription start site (CpG5 -CpG8), methylation data of the neighboring four CpGs were combined No significant difference in the methylation of whole alleles was measured for bH19, bSNRPN, bZAR1, bOct4 and bDNMT3A. For bDNMT3Lo, a significantly (P ¼ 0.03) increased methylation in oocytes matured for 48 h compared with the 24 h controls (*). In the statistical analysis, the excluded alleles were not included. and reanalyzed separately for these two regions of the split amplicon. A significantly lower methylation was discovered for CpG5 to CpG8 in oocytes of the 24 h group compared with embryos derived thereof (P , 0.0002). This difference was not observed between oocytes and embryos of the 48 h maturation groups. A comparison of the two groups of embryos revealed significantly lower methylation for CpG5 -CpG8 in embryos derived from oocytes matured for 48 h (P , 0.002) (Fig. 5) .
Relative mRNA abundance of selected transcripts in single oocytes and embryos
We analyzed developmentally important genes, critically involved in the oxidative stress response, DNA methylation, imprinting, maternal effects and apoptosis in oocytes (nine genes) and in early embryos (three genes) (Fig. 6A) . The genes were selected on the basis of previous results indicating influence of maturation conditions on transcript abundance. The maternally imprinted genes bSNRPN and bPEG3 and the paternally imprinted bIGF2R were analyzed in in vitro oocytes matured either for 24 or 48 h. While transcript abundance was not significantly different for bSNRPN and bPEG3, transcript abundance was significantly reduced for bIGF2R in the 48 h IVM group of oocytes compared with the standard IVM protocol (24 h) derived oocytes. No statistically significant differences were detected between the two groups for maternal-effect genes (bZAR1, bHSF1 and bNLRP9), methyltransferases (bDNMT1a and bDNMT3a) and bPRDX1, which is involved in oxidative stress response and intercellular communication.
In addition, we investigated the mRNA levels of bPRDX1, bDNMT3A and bBCL-XL in 4-to 8-cell embryos derived from the two different maturation groups. All values were calculated on a single cell level (Fig. 6B) . Transcript levels were low and significantly reduced in embryos derived from oocytes matured for 48 h compared with oocytes and embryos treated according to the standard protocol (24 h maturation).
Discussion
While some of the underlying mechanisms of mammalian oocyte ageing have been studied, little is known about the epigenetic features of postovulatory oocyte ageing. Here, we have investigated DNA methylation as an important epigenetic feature in a selected panel of genes known to be critically involved in oocyte and embryo development in bovine oocytes that were subjected to post-ovulatory ageing caused an extended IVM period. We discovered a number of new epigenetic changes that putatively are involved in the deteriorating effects associated with post-ovulatory ageing.
Post-ovulatory ageing of oocytes is associated with low blastocyst rates and abnormal embryo development (Wilcox et al., 1998; Takahashi et al., 2009; Demyda-Peyras et al., 2013; Zhang et al., 2013) . Similar results have been found in the present study, indicating that development is heavily influenced by pre-fertilization conditions. Post-ovulatory ageing is also linked to post-implantation aberrations, and behavioral, developmental and reproductive deviations in offspring derived thereof (Tarin et al., 1999 (Tarin et al., , 2002 . Prolonged maturation in the presence of cumulus cells increased nuclear maturation rates in mice (Barrett and Albertini, Figure 4 Overview of DNA methylation results of single alleles for the imprinted genes bH19 and bSNRPN in bovine embryos generated from oocytes matured for 24 or 48 h. One row represents one single allele with single CpGs as boxes. A white box stands for an unmethylated CpG, a black box for a methylated CpG and a gray box for an unclear methylation state. The alleles of bH19 and bSNRPN are separated for each embryo. 2010) and decreased blastocyst rates and polyploidy in cattle (Gliedt et al., 1996; Demyda-Peyras et al., 2013) . Our results indicate that an extended IVM period leads to reduced maturation rates and/or a higher proportion of degenerate oocytes and affected the morphological appearance of the matured oocytes while the fertilization rate remained unchanged.
An important novel finding of the present study was that some of the selected genes (PRDX1, BCLXL, DNMT3A) were expressed at similar levels in the two categories of oocytes, but differentially expressed in embryos derived from the two categories of oocytes (24 versus 48 h maturation period). In contrast, no differences were found between the two treatment groups for the maternal-effect genes ZAR1, HSF1 (heat shock factor 1) and NLRP9, a MATER-like oocyte marker gene (Christians et al., 2000; Dalbies-Tran et al., 2005; Lingenfelter et al., 2007; Romar et al., 2011) .
Oxidative stress and the accompanying accumulation of reactive oxygen species have been proposed as a potential source of detrimental effects of post-ovulatory ageing and several anti-oxidative mechanisms protect oocytes and embryos from oxidative stress (Guerin et al., 2001; . Transcript abundance of PRDX1 in bovine oocytes has been widely employed as an indicator of developmental competence in several studies (Thelie et al., 2007 (Thelie et al., , 2009 Hansmann et al., 2011; Heinzmann et al., 2011; Romar et al., 2011; Diederich et al., 2012) . Here, PRDX1 transcript levels were not significantly different between the two different groups of matured oocytes, but in 4-to 8-cell embryos transcript abundance was significantly reduced in the embryos from the in vitro aged group, indicating a sustained effect of the extended IVM period into embryo development. In accordance with results for post-ovulatory aged oocytes from other species, including mouse, goat and pigs, transcript abundance of BCLXL, which is involved in antiapoptotic processes, was significantly reduced in early embryos produced from post-ovulatory aged oocytes (Ma et al., 2005; Tatone et al., 2006; Zhang et al., 2013) . Both, the induction of apoptotic processes and the inability of the embryo to respond adequately to increased oxidative stress can be associated with post-ovulatory ageing of the oocyte (Takahashi et al., 2013) .
Transcript abundance for DNMT3A was significantly reduced for 4-to 8-cell embryos derived from oocytes matured for 48 h compared with controls, while mRNA contents were similar to the two categories of oocytes. DNMT3A and DNMT3L are essential factors in the establishment of maternal methylation imprints and de novo methylation of genes, indicating that de novo methylation may be one of the first mechanisms affected in early embryos derived from in vitro aged oocytes. Perturbation of expression can have profound downstream effects on DNA methylation (Bourc'his et al., 2001; Kaneda et al., 2004; O'Doherty et al., 2012) . Gene-specific methylation analysis of oocytes either after extended IVM to mimic post-ovulatory ageing or physiological IVM (controls) revealed significantly more aberrantly methylated alleles for the oocytespecific form of DNMT3L in aged versus control oocytes. This suggests that DNMT3L could be a key molecule that is affected by post-ovulatory ageing, ultimately leading to altered DNA methylation and imprinting. In mice, altered expression of DNMT3L due to hypermethylation affected placenta development and offspring viability (Liang et al., 2011a, b) . Significant hypermethylation of DNMT3Lo could not be detected in embryos generated from in vitro aged oocytes in the present study. In contrast, significantly decreased methylation of all analyzed CpGs, including two distinct CpG sites (CpG5 and CpG7) of the stem cell-specific promoter of DNMT3L (DNMT3Ls) was found in embryos derived from in vitro aged oocytes. In addition, CpG7 was significantly less methylated in oocytes matured for 24 h versus their 48 h aged counterparts. Whether this difference is caused by the increased methylation of DNMT3Lo in the oocyte remains to be determined, but a connection between these findings as a result of oocyte ageing is plausible. When we specifically compared the methylation of CpGs in exon1 with those in the 5 ′ -UTR, we discovered a dynamic pattern of methylation for the last four CpGs (CpGs 5-8) of the promoter. CpGs 5-8 are increasingly being methylated during transition from oocyte to embryo when oocytes are matured for 24 h. In contrast, oocytes matured for 48 h do not show this increase in methylation in the resulting 4-to 8-cell embryos and, consequently, this region is less methylated compared with embryos derived from 24 h matured oocytes. The difference in the methylation status of this genomic region is mainly caused by CpG7 and might be a hint that this specific CpG is a methylation hotspot and fulfills a functional role. A search in the analyzed sequence of DNMT3Ls revealed a binding site for the cAMP response element-binding (CREB) protein at CpG7. CREB regulates expression of the matrix metalloproteinase (MMP)13, which binds to the promoter when the CpG site is demethylated and induces expression of MMP13 (Bui et al., 2012) . A similar mechanism of the CREB binding site could be at the stem cell-specific promoter of DNMT3Ls, and would explain the hypomethylated status of CpG7 as a result of oocyte ageing. Binding of CREB at the non-methylated binding site could possibly increase expression of the somatic isoform in in vitro aged embryos. Since DNMT3Lo is hypermethylated and presumably less active in aged oocytes, the lack of DNMT3Lproducts might need to be compensated by the embryo. This adjustment might be achieved via hypomethylation of CpG7 of DNMT3Ls which in turn enhances expression of DNMT3L via binding of CREB. Single CpG errors do not necessarily indicate aberrantly methylated CpGs in overall correctly methylated alleles, but may represent stochastic methylation errors, or technical errors caused by incomplete bisulfite conversion or amplification error. CpGs with an unclear methylation status may result from incomplete bisulfite conversion and sequestration of several alleles due to DNA clumping in the same PCR reaction (El Hajj et al., 2011) . We observed a significant increase of single CpG errors in the 48 h matured oocytes for the imprinted genes H19 and SNRPN. The additional finding of an abnormal allele in the same genes argues in favor of a causal relationship between extended maturation time and increased methylation error rate. We also identified a significant increase of single CpG errors in the 24 h matured oocytes for OCT4, mainly caused by entire alleles with an unclear methylation status, presumably as a result of failed separation of DNA molecules combined with incomplete bisulfite conversion. Most likely, these alleles do not indicate abnormal methylation.
The absence of significant differences in the methylation level of ZAR1, OCT4, DNMT3A, H19 and SNRPN in embryos derived from the two groups of oocytes indicates no effect of aberrant methylation of DNMT3Lo in in vitro aged oocytes on the methylation status of the analyzed genes in the resulting 4-to 8-cell embryos. Similar findings were reported for mouse embryos for a number of different genes (SCP3, DAZL, CDKN1C, IGF2RDMR1, IGF2DMR1, OCT4, DNMT3Lo, DNMT3Ls and four different repetitive sequences) in DNMT3Ls deficient mice (Guenatri et al., 2013) . Except for OCT4 and IGF2 DMR1, there were no differences in the expression or differences observed at E6.5 had disappeared at E9.5. Current results indicate that DNMT3L expression is not essential for de novo methylation in the early embryo and any deficiency seems to be compensated by increased production of DNMT3A (Guenatri et al., 2013) . These findings are at least partially consistent with our results as we did not find significant impact of the hypermethylation of DNMT3Lo in oocytes on the methylation status of the analyzed genes in the embryos, except for DNMT3Ls. However, in contrast to previous findings (Guenatri et al., 2013) , we observed a significantly decreased DNMT3A expression in embryos derived from oocytes matured for 48 h which could not be explained by methylation differences. The increased rate of single CpG errors in DNMT3A (11.5%) compared with the other genes in both embryo groups might be due to a DNA methylation event in the embryo which starts earlier at CpG sites of DNMT3A compared with the other genes. However, this did not affect expression of DNMT3A. Thus, other mechanisms may be responsible for transcript reduction of DNMT3A. A possible link between hypermethylation of DNMT3Lo in the 48 h aged oocytes and DNMT3A down-regulation cannot be excluded.
Studies in the mouse model and other species have shown that the epigenetic machinery is sensitive to ageing processes. In the mouse model, highly dynamic methylation changes were observed at the imprinted Peg1/Mest gene, using freshly ovulated oocytes, in vitro aged oocytes and preimplantation embryos. The heterogeneous methylation pattern in metaphase II oocytes was followed by hypermethylation after 22 h in vitro culture and then by demethylation in prolonged (42 h) in vitro aged oocytes (Imamura et al., 2005) . Peg1/Mest and SNRPN methylation were analyzed in post-ovulatory mouse oocytes matured for 13, 21 or 29 h in vivo and in cumulus-enclosed oocytes and denuded oocytes aged for 21 and 29 h in vitro. Peg1/Mest was nearly completely demethylated in all in vitro aged groups, whereas SNRPN was demethylated after 29 h of aging in vivo and in vitro in denuded oocytes. The conflicting results may be explained by different ageing conditions (in vivo and in vitro) and ageing times (Liang et al., 2008) . However, the methylation profile of Peg1/Mest after 21 and 22 h was similar, irrespective of the ageing conditions in the two studies (Imamura et al., 2005; Liang et al., 2008) . We detected one abnormally methylated allele and a significant increase of single CpG errors for the imprinted genes H19 and SNRPN in 48 h aged bovine oocytes, indicating a similar trend as described for Peg1/Mest (Imamura et al., 2005) . This finding is not necessarily contradictory to the previous results for SNRPN, since we used cumulusenclosed oocytes which did not show any demethylation in the previous work (Liang et al., 2008) . Histone acetylation is also affected by postovulatory ageing as shown mouse oocytes with the histones H3 and H4 specifically vulnerable to ageing (Huang et al., 2007) . In vitro ageing of porcine oocytes by exposure to reactive oxygen species was associated with elevated levels of H4K12 acetylation (Cui et al., 2011) , clearly underlying the sensitivity of the epigenetic machinery to ageing processes in porcine oocytes.
Aberrant expression of imprinted genes has been associated with developmental failure after application of ART (Suzuki et al., 2009; Niemann et al., 2010) . Previously, we had shown that IVM affects expression of imprinted genes, including IGF2R, PEG3 and SNRPN, when compared with in vivo matured bovine oocytes . Here, we found that IGF2R mRNA abundance was significantly reduced in postovulatory aged oocytes, possibly indicating an influence of post-ovulatory ageing on the reprogramming machinery. Transcript abundance of the maternally imprinted PEG3 and SNRPN was not influenced by the extended IVM period of oocytes in the present study. Post-ovulatory ageing of murine oocytes leads to hypomethylation of SNRPN, while the methylation status for the PEG1/Mest DMR was not affected (Liang et al., 2008) .
In conclusion, in the present study we tried to mimic post-ovulatory ageing by extending IVM from 24 to 48 h and identified important epigenetic features related to post-ovulatory ageing in bovine oocytes. Most prominent were a significantly altered mRNA abundance for the imprinted gene locus IGF2R and a significantly higher incidence of aberrantly methylated alleles for DNMT3Lo. However, one has to take into account that the variation in single post-ovulatory aged oocytes analyzed by RT -qPCR was higher compared with the standard protocol. The hypomethylation found in one CpG site within the promoter of DNMT3Ls could have functional impact on the embryonic variant of DNMT3L as a result of oocyte ageing. The reduced mRNA levels of all investigated genes in 4-to 8-cell embryos of the postovulatory aged group could indicate major interference with minor genome activation that normally takes place at the 2-to 4-cell stage and could thus be critical for embryo development (Kues et al., 2008) . The present results indicate that oocytes are extremely sensitive during the maturation phase to epigenetic modification and that epigenetic mechanisms are intimately involved in ageing of the bovine oocyte which warrants further study into ageing mechanisms in female mammalian germ cells, incl. humans.
